This work presented data using always real solutions yielded from the treatment of a Spanish raw material, in detail, from a slag obtained in a pyrometallurgy process of tin production from mining tailings containing mainly cassiterite and columbotantalite. In this investigation the raw material was treated by acid leaching, using HF/H2SO4 as leaching agent. Then, liquid-liquid extraction of Nb and Ta were performed with Cyanex ® 923 extractant, further both metals were separately stripped. Once metals were separated into two aqueous solutions, they were precipitated and calcined in order to yield the corresponding compounds (Nb2O5 of 98.5% purity and Ta2O5 of 97.3% purity).
Introduction
Niobium and tantalum are two transition metals almost always paired together in nature, with similar physical and chemical properties. Niobium has a high melting point, relatively low density, and superconductor properties. Tantalum has a highly conductive to heat and electricity and renowned for its resistance to acidic corrosion. These special properties determine their primary uses [1] .
The list of critical raw materials contains raw materials which reach or exceed thresholds for both economic importance and supply risk [1] . Without supply security, EU economy could be affected, due to the majority of the technology components are elaborated with these raw materials, and they are determinant in the competitiveness of the European industry, depending on the external supply of that raw materials. These raw materials would be hardly replaceable.
Niobium, Tantalum and Rare Earth Elements (REE) are included in the 2017 year list of the 27 critical raw materials of European Union due to their importance for high-tech products and emerging innovations and the risk in the security of supply and economic importance (EU, 2017) . Up to 30% of the required energy to refine these metals is used just in separation processes, like liquid-liquid extraction [2] [3] .
Niobium and tantalum are components of about 100 different minerals, together with titanium, zirconium, tin, REE, thorium, uranium and alkali earth metals in different proportions [4] . The most important sources of Nb and Ta are: Tantalumniobates or salts from niobic and tantalic acids, such as columbite and tantalite and Titan(tantalum)niobates, where the main component is associated with Nb, Ta and lanthanide. Tantalite and columbite are the main sources of Ta and Nb, respectively [5] . The majority of Nb, as ferroniobium, is consumed to produce low-alloyed steel and high-strength steel [6] . These types of steels are used in building, gas pipelines, oil pipelines and automotive industry. Nb is also used in special alloys for nuclear and aeronautical industries, magnets, superconductors, capacitors and catalysts. An increase on the demand of ferroniobium about 8% annual growth is forecasted, mainly due to the high global demand of steel for building, infrastructure and automotive applications.
The main use of tantalum, as metal dust, is the production of electronic devices, mainly capacitors and high power resistors. The tantalum capacitors, due to the size and weight, are attractive for mobile phones, laptops and automobile electronic devices [1] . Tantalum is also used to produce a wide range of alloys with high melting points, strength and ductility to manufacture carbide tools for metals working, super alloys for jet engine components, corrosion high resistance, nuclear reactors, missiles pieces, surgery instruments and implants.
One of the main metal associated with Nb and Ta is tin, the most important tin mineral is cassiterite (SnO2), characterized, by the presence of tantalum and niobium in its crystalline structure. During the extraction and refining stages of the tin production, the great part of such elements migrates for the final slag of the industrial process. Such slags can already be considered as an eventual and important source of such refractory metals as tantalum and niobium [7] . Indeed, tantalum production from tin slag in Thailand and Malaysia represented 13% of the total tantalum production in 2010 [8] .
Brazil, Canada, and Australia are the leading global producers of niobium and tantalum mineral concentrates. Brazil produces the greatest amount of niobium mineral concentrates (~90%), while Australia and Brazil together lead in the production of tantalum mineral concentrates. A number of African countries-Burundi, Democratic Republic of Congo, Ethiopia, Mozambique, Nigeria, Rwanda, Uganda-mine for tantalum minerals (such as columbite-tantalite, also called coltan) through artisanal mining or are establishing mining operations [9] .
The source of both metals, especially for Ta, and the instability of the main producer countries, highlights the necessary change of paradigm and force the production of both metals from more environmental and social friendly sources, as the recycling of end-of-life products, or the recovery of these metals from slags generated during the production of other metals. The US Geological Service has estimated that recycling rate of Ta and Nb are about 20% [10] . Ta is recycled from laptop and mobile phone waste, and in the case of Nb from ferroniobium alloys.
In Europe, more specifically in Spain, Penouta Mine (Galicia, Spain), exploited by Strategic Minerals Spain S.L., generates Sn-Nb-Ta concentrates. However, the small grain size of the Ta-Nb minerals at the Penouta Mine, and their strong relationship with cassiterite, make it hard to obtain separate concentrates; new methods that can separate the Sn and Nb-Ta are therefore required [11] .
In a previous work, a concentrate obtained from mining tailings containing mainly cassiterite and columbotantalite was reduced for the production of tin metal. The recovery of Sn was >95% with a purity of 96%. A slag equivalent to 25% of the mass of the initial concentrate was produced during the recovery of the Sn. This contained Nb2O5 and Ta2O5. This slag could be used as a secondary raw material for obtaining Nb and Ta, in this paper a method for obtaining oxides of niobium and tantalum from the slag is described.
Materials and Methods

Instrumental techniques
The chemical composition of slag, precursors and final compounds was analyzed by X-ray fluorescence spectroscopy (XRF) using a Bruker S8 AA spectrometer (Varian, Palo Alto, CA, USA), and by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using an Agilent ICP-OES, model 5100 VDV (Vertical Dual View). The phase compositions were characterized by X-ray diffraction analysis (XRD) using a Siemens D5000 (Siemens, Berlin, Germany) apparatus and quantified by the Rietveld method. Morphological examination was carried out by field emission scanning electron microscopy (FE-SEM) using a JEOL JSM 6500 microscope (Jeol, Tokyo, Japan) equipped with an Oxford EDX energy-dispersive X-ray (EDX) analyzer for semi-quantifying the elemental composition (FE-SEM-EDX), and by Transmission Electron Microscopy (TEM) using a JEM 2100 HT device. Analysis of the elements in the different aqueous phases was carried out by ICP-OES, whereas the corresponding concentrations in the organic phases were estimated by mass balance.
Reagents
Cyanex 923® , is a mixture of 4 tri-alkyl phosphine oxides with a composition of dioctyl-monohexyl phosphine oxide (R'R2PO; 31 wt.%), mono-octyl dihexyl phosphine oxide (R'2RPO; 42 wt.%), tri-hexyl phosphine oxide (R'3PO; 14 wt.%), and tri-n-octyl phosphine oxide (R3PO; 8 wt.%) with low solubility in water (0.05 g/L) and high extraction capability. The average molecular weight is 348 and the density (20 °C) is 800 kg/m 3 [12] . Cyanex 923 ® was used as supplied by the manufacturer (CYTEC Ind.). Solvesso 100 diluent was also used as supplied by the manufacturer (ExxonMobil Chem. Iberia) and contains >99% aromatics, boiling range 167-178° C and flash point 48° C; all other chemicals were of AR grade.
Methods
Leaching:
The slag used in this work was obtained after the process of recovery of tin from tailings from Penouta mine deposit [11] . A mineral concentrate obtained by the milling, gravimetric concentration, and magnetic separation of mining tailings, containing mainly cassiterite, was used as a source material for the production of metallic tin. Strategic Minerals S.L provided concentrate. Mineralogical analysis determined that it contained Ca-Nb-Ta oxides of different stoichiometry (Ca2(Nb,Ta)2O7 and Ca(Nb,Ta)O3), plus much smaller proportions of other oxides of Nb, Ta, Mn and Fe ((Fe,Mn)2(Nb,Ta)2O6).
Acid leaching is the most used method to extract metals from slags, in both research and industrial application. This method benefits from the chemical properties of metals in aqueous solution to isolate and recover a marketable product. Using this method, valuable metals from slag are leached out by the use of inorganic acids or their mixtures, e.g. H2SO4, HNO3, HCl, HF.
For the extraction of Nb and Ta fluoride media have been extensively studied. Actually, the first industrial process for the extraction and purification of Nb and Ta, called Marignac's process, required concentrated HF solutions. This process allowed the production of high purity compounds. The main advantage of these processes is that Nb(V) and Ta(V) are highly soluble in fluoride media [13] .
Niobium and tantalum can exist in several valances such as + 5, + 4, + 3, + 2 and even +1 in their compounds. However, only Nb(V) and Ta(V) are the stable states in solution [14] . Complex formation is vital for the successful separation of Ta and Nb from their mineral ores, and HF could be used as both as dissolution and complexing agent [15] (Equation (1)):
Hydrofluoric acid is normally used in combination with sulphuric acid for the digestion of tantalumand niobium concentrates [16] , and this binary system was used as leaching solution in this work.
Previous laboratory studies carried out by the present authors [17] (see Table S1 ), concluded that the best conditions for the leaching of the slag in the binary acid system were [HF] = 6 N and [H2SO4] = 8 N, reaction time of 3 hours and room temperature. Different slag/leaching solutions ratios were tested: 20, 30, 40, 50, 60, 75 and 100 g/L. The yield of leaching was calculated according to equation (2):
where m0 was the initial weight of the slag, mr the weight of insoluble residue, C0 Me the initial concentration (in % wt.) of the metal (Me=Nb/Ta), and Cr Me the concentration of the metal in the insoluble residue.
Liquid-liquid extraction:
After leaching, all metals are now into the dissolution thanks to the mixture of inorganic acids. The metals of interest need to be separated from the other metals present in the leachate. Liquidliquid extraction is the most effective way of separating tantalum and niobium, both metals are extracted and separated from acidic leach liquors by using organic extractants such as methyl iso-butyl ketone (MIBK), tri-butyl phosphate (TBP), cyclohexanone and 2-Octanol [14] . Alternative extractants have been also investigated, such as 1-octanol, that shows better safety characteristics than MIBK [18] .
In the present investigation, liquid-liquid extraction experiments were performed using an organic phase of 35% (v/v) Cyanex 923 ® in Solvesso. Extractions were performed by shaking for 5 min aliquots of Cyanex 923 ® and aqueous phases at 25 °C. Aqueous to organic phase (Vaq/Vorg) volumetric ratio of 1 has been used. The solution was allowed to stand for 5 min to allow the separation of both phases. A scheme of the process was shown in Figure 1 .
Distribution ratio (D) values were calculated according Equation (3), as well as extraction efficiency (E), calculated according to equation (4), and separation factor (β) values according to Equation (5):
where [Me]org was the metal concentration in organic phase at equilibrium, [Me]aq the metal concentration in the aqueous phase, also at equilibrium.
The percentage of metal extraction was calculated as:
where [Me]org was the metal concentration in organic phase, [Me]aqo the metal concentration in the initial aqueous phase or leachate, before extraction, Vaq is volume of aqueous phase, Vorg is volume of organic phase. The separation factor, which defines the possibility on the separation of two metals, β >1, but not the easiness of the separation, was calculated accordingly to:
where DMe1 was the distribution ratio of metal 1, e.g. Nb, and DMe2 the distribution ratio of metal 2, e.g. Ta.
Stripping:
The stripping solution used for the selective separation of niobium was of NH4F 0.3 M and NH3 0.1 M. Stripping experiments were performed by shaking for 5 min aliquots of tantalum and niobium organic phases from previous extraction and aqueous phases (stripping solution) at 25 °C. Aqueous to organic phases (Vaq/Vorg) volumetric ratio of 1 had been used. In the case of Ta, the stripping solution had a higher alkaline composition and also a higher concentration of F -: NH4F 1.1 M and NH3 0.4 M. The same operational parameters were used (Vaq/Vorg= 1, T=25 °C and t= 5 min).
Distribution ratio (Dst) values were calculated according equation (6), as well as stripping efficiency (Est), calculated according to equation (7) , and separation factor (β) values according to Equation (5). The stripping efficiency was calculated according to Equation (7):
whereas C0 Me is the initial concentration of the metal (Me=Nb/Ta) in the organic phase before stripping (after extraction) and Cr Me is the concentration of the metal in the in the stripped aqueous solution, Vaq the volume of aqueous phase, and Vorg the volume of organic phase.
Precursor generation:
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After the separation of Nb and Ta in two different aqueous solutions, solid precursors were obtained by precipitation. For the synthesis of niobium compounds, ammonia, [NH3]=17.7 M, in different proportions was employed (Table S4 ). For Ta, solid precursors were obtained by precipitation, using KF in different concentration as precipitating agent (Table S5 ).
Results and discussion
Leaching of slag
The leaching of the slag was performed using a binary acid system ([HF]= 6 N and [H2SO4]= 8 N) during 3 hours and at room temperature. Insoluble residues for each ratio were analysed by XRF (Table S2 ). Insoluble residue is about 30-40% weight ( Table S3 ). The yields of the leaching for Nb and Ta, and the corresponding metal concentrations in the leachates, were shown in Table 1 . All slag/leaching solution ratios showed a high yield, between 84 and 92% for both metals, so a ratio of 100 g/L was chosen as optimal conditions regarding the optimization of the process and also taking into account that less wastewater will be produced. It was determined that the best leaching parameters were: leaching agent: HF 6 N and H2SO4 8 N, pulp density: 100 g/L and reaction time: 3h. The yields obtained in the leaching step were around 87% for both metals Nb and Ta; the insoluble residue still contained around 13% of the initial content of each metal in the slag.
Separation of Ta and Nb from leachate solution
Extraction of Nb and Ta
Liquid-liquid extraction was performed according to the process described in 2. Table 2 . According to Nete et al. [15] , the conversion of the fluoride anions to the neutral acids (equations (8) and (9)) was the extraction controlling step for the selective separation process of Nb and Ta in the organic extractant. 
The extraction takes place according to equation (10) and (11) 
where n has not been determined yet.
The extraction of Nb and Ta were performed using 35% (v/v) Cyanex 923 ® diluted in Solvesso with high yields, 97.7% for Nb, and 99.5% for Ta.
Nb stripping
The stripping solution used for the selective stripping and separation of niobium had the next composition NH4F 0.3 M and NH3 0.1 M, stripping efficiency (Est), and separation factor (β) values are reported in Table 3 . From the results obtained, it can be observed that Ta remains in organic phase while niobium is mainly stripped to the aqueous phase, however some percentage of Nb (30%) remains in organic phase together with Ta and part of it would be stripped in the next step. However, it should be mentioned here that this situation could be remediated by the use of more than one stage or varying the volume phases relationship, though this investigation had not been done yet. The separation factor of Nb vs Ta in this step was high, what supposes that the conditions employed are optimal for separate both metals from the organic solution.
Ta stripping
In the case of Ta, the stripping solution has a higher alkaline composition and also a higher concentration of F-: NH4F 1.1 M and NH3 0.4 M. The same operational parameters than in Nb stripping were used (Vaq/Vorg= 1, T=25 °C and t= 5 min). The results are collected in Table 2 . After this stripping stage more than 90% of the initial Ta is recovered.
Thus, the Nb-Ta separation process from the leaching solution takes place in three steps: This three steps mechanism closely resembled to literature data [15] . Metals stripping took place, as mentioned, in two consecutive steps. In the first step Nb was stripped from the organic phase into the aqueous solution, with a stripping efficiency of 70%. In the second step Ta was stripped into the aqueous solution, with a stripping efficiency of 91%.
Synthesis of Nb and Ta compounds
Synthesis of Nb compounds
After the separation of Nb and Ta into two different aqueous solutions, solid precursors were obtained by precipitation. For the synthesis of niobium compounds ammonia, [NH3]=17.7 M, in different proportions was employed (Table S4) . For Nb precipitation, better yields were obtained when the molar ratio Nb/NH3 were low, between 0.015 and 0.03. After precipitation, solids were filtered, washed with deionized water and dried at 80 ºC for 12 hours. The chemical and mineralogical composition of the precipitate Nb_4, the one with better results in yield terms, was determined by XRF, XRD and SEM/EDX. XRD of Nb precursor obtained by precipitation with NH3 was shown in Figure 2 , it was mainly an amorphous compound, corresponding with a hydrated Nb oxide (Nb2O5.nH2O). Nb2O5.nH2O morphology was determined by SEM ( Figure S2a ) and TEM ( Figure S2b-5e ). It precipitated as nanoparticles with porous sphere morphology. Nb precursor was calcined in a tubular furnace at 1200 °C during 4 hours in N2 atmosphere, to obtain niobium oxide. A weight loss of about 19% was found. Chemical composition determined by XRF was shown in Table 3 . The niobium oxide had a purity of 98.5% and the main impurity found is Ta, 1.85% as Ta2O5. XRD of the niobium oxide ( Figure 3 ) showed three crystalline phase: TT-Nb2O5: pseudo-hexagonal phase with a=b= 3.6070 Å and c =3.9250 Å (ICDD no. 00-028-0317); Nb12O29: monoclinic phase with space group A2/m (C32h); a = 15.6856 Å ; b = 3.8307 Å and c =20.7100 Å (ICDD no. 04-014-6587) and NbO: cubic phase with space group Pm-3m (O1h); a = 4.2155 Å (ICDD no. 04-009-6111). No crystalline phase was found from impurities. The morphology of anhydrous niobium oxide was studied by TEM ( Figure S3 ), confirming the presence of the two morphologies, pseudo-hexagonal and prismatic. 
Synthesis of Ta compounds
After the separation of Ta in the strip solution, solid precursors were obtained by precipitation, using KF in different concentration as precipitating agent. The best yield was obtained using a very low Ta/KF ratio (0.015) for [KF]=90 g/l (Table S5 ). After precipitation solids were filtered, washed with deionized water and dried at 80 °C for 12 hours. The chemical and mineralogical composition of the precipitate Ta_7, again with the best results in yield terms, was determined by ICP-OES, XRD and SEM/EDX. ICP-OES results were collected in Table 4 . Ta precipitation with KF results in fewer impurities compared with Nb precipitation with NH3. Ta precursor showed rod morphology ( Figure S4a ) and agglomerates with flower-type morphology ( Figure S4b ). Ta precursor was calcined at 1200 °C during 4 hours, in N2 atmosphere, to obtain alkali metal tantalate. A weight loss of about 20% was found. Chemical characterization was performed by XRF. The solid obtained was composed of Ta2O5 82.0%, K2O 15.2% and Nb2O5, 1.7%. It also contained some impurities as CaO, SnO2, Fe2O3, NiO and ZnO below 1% (Table S6 ).
In view of the impurities content, the compound obtained was purified by HCl 1.5 M at 300 °C during 1 hour. After dissolution, the solid was filtered and washed with MilliQ water, and dried at 80 °C during 12 hours. The chemical characterization after purification was shown in Table S6 , Nb2O5 content was around 1.6% and only small quantities of CaO and SnO2 (below 0.6%) can be detected. After calcination and purification, mineralogical characterization was also determined by XRD and showed in Figure 4a . The mineralogical phase found was the same than the one found in precursor, K6Ta10.8O30 (ICCD no. 70-1088), with only variations in the intensity of some reflections. These results were in agreement with results obtained by other authors; calcination of samples at 1100 °C for 2h to 8h does not change the mineralogical phase [20] , [21] . The morphology of tantalum salt was studied by SEM ( Figure 4b ) and rod morphologies can be observed.
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Conclusions
The process described allows the synthesis of niobium and tantalum salts and oxides from a slag obtained in a pyrometallurgy process of tin production from mining tailings containing mainly cassiterite and columbotantalite. The process consists on an acid leaching, using HF/H2SO4 as leaching agent, with yields around 87% for both metals. Then, extraction of Nb and Ta were performed with Cyanex® 923, with high extraction efficiencies: 97.7% for Nb, and 99.5% for Ta; and metals were then separately stripped, with a stripping efficiency of 70% and 91%, respectively. Once metals were separated into two aqueous solution, they were precipitated and calcined. The final products of the process are niobium oxide and potassium tantalum salts. Niobium oxide has a purity of 98.5% and impurities of Ta, 1.85% as Ta2O5. Tantalum salt, after calcination and purification, has a purity of 97.3% and impurities of Nb2O5, around 1.6%. The limiting factor of the process is the first stripping step, above all, due to the low recovery of Nb during the stripping step. This process supposes an alternative source of obtention of critical raw materials, that would be produced in Europe, avoiding the dependence of exportation from outside the European Union. In future research, new less aggressive and more environmental friendly leachates will be investigated, as well as more effective stripping solution will be tested.
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